We report a wear-resistant ultrananocrystalline (UNCD) diamond tip integrated onto a heated atomic force microscope (AFM) cantilever and UNCD tips integrated into arrays of heated AFM cantilevers. The UNCD tips are batch-fabricated and have apex radii of approximately 10 nm and heights up to 7 µm. The solid-state heater can reach temperatures above 600 • C and is also a resistive temperature sensor. The tips were shown to be wear resistant throughout 1.2 m of scanning on a single-crystal silicon grating at a force of 200 nN and a speed of 10 µm s −1 . Under the same conditions, a silicon tip was completely blunted. We demonstrate the use of these heated cantilevers for thermal imaging in both contact mode and intermittent contact mode, with a vertical imaging resolution of 1.9 nm. The potential application to nanolithography was also demonstrated, as the tip wrote hundreds of polyethylene nanostructures.
Introduction
The atomic force microscope (AFM) [1] is widely used for nanometer-scale measurements. AFM cantilevers with integrated heaters have been used for data storage [2] , topography imaging [3] , material property measurements [4, 5] , and manufacturing [6, 7] at the nanometer-scale. A key challenge for AFM measurements is tip wear and fouling, which can be mitigated by a tip coating or the use of novel tip materials [8, 9] . This paper reports on the design, fabrication, and application of heated AFM microcantilevers having ultrananocrystalline diamond (UNCD) tips, which display high mechanical robustness and resistance to fouling.
Various materials, coatings, and surface treatments have been proposed to mitigate tip wear, including platinum silicide tips [10] , silicon dioxide tip encapsulation [11] , silicon carbide tips [12] , and diamond or diamond-like carbon tips [8, 9, [13] [14] [15] . Diamond tips are attractive as they are mechanically robust due to high hardness and are fouling resistant due to chemical inertness, low surface energy, and low adhesion [16] . Moreover, diamond, which is normally insulating, can be made electrically conductive via doping [17] . Diamond tips can also be robustly functionalized with chemical groups via direct C-C linkages [18] , which is a more stable attachment method than the thiols and silanes which are conventionally used. AFM cantilevers Metallization of the device via a 1.5 µm-thick aluminum deposition and etching. (f) Backside ICP-DRIE of a 400 µm-thick silicon handling layer followed by sacrificial oxide layer etching using a hydrofluoric acid solution. Finally, the device is released. The heated cantilever array fabrication follows similar steps, with a small modification in the mask design.
with diamond tips can be fabricated by various methods. Focused ion bean milling can generate sharp diamond tips, but is expensive and relatively slow [19] . It is possible to batch-fabricate diamond AFM tips by depositing diamond into a mold as part of the fabrication process [8, 15, 20] , but this process typically results in short tips, may not be well-suited to integrating electronic devices into the tip and cantilever, and often generates wedge shaped defects. Diamond-coated silicon tips can be batch-fabricated [9, 13, 21] , but the radius of curvature (>50 nm) may be somewhat larger than is desired, since the diamond layer increases the radius of the final tip. Diamond tip formation and sharpening using reactive ion etching (RIE) is a simple process for batch fabrication of diamond tips [22, 23] that can provide good control over tip radius, height, and aspect ratio, thus generating taller and sharper diamond tips than other fabrication methods.
This paper presents the integration of UNCD tips onto a heated AFM cantilever and cantilevers arrays using UNCD coating and RIE sharpening. We investigate tip wear, cantilever thermal function, and the use of these heated tips for thermal imaging and nanolithography. Figure 1 shows the fabrication process for a heated AFM cantilever having a UNCD tip. Heated cantilever arrays follow similar fabrication processes, with some modifications to the mask designs. The fabrication starts with a 100 mm-diameter silicon-on-insulator wafer having a 5 µm-thick silicon device layer, a 1 µm-thick buried oxide layer, and a 400 µm-thick silicon handle layer. First, the cantilever structure is formed using inductively coupled plasma (ICP) deep RIE followed by two separate n-type phosphorus doping steps at different concentrations. The cantilever free end is low doped (∼10 17 cm −3 ) forming a resistive heater region, while cantilever legs are highly doped (∼10 20 cm −3 ) to carry current. After annealing to drive in the dopants, the cantilever is electrically active and ready for tip formation.
Cantilever design and fabrication
The silicon wafer substrates were seeded by ultrasonication with an ultra-disperse diamond nanoparticle suspension. A 7 µm-thick UNCD layer with roughness of 30-50 nm (RMS, as measured with a 2 µm-tip-radius stylus profilometer on 5 points on the wafers) was grown by hot-filament chemical vapor deposition. The wafer is treated with hot piranha solution to convert the H-terminated carbon bonds into more adhesion-favorable -OH bonds, which improves the adhesion between the UNCD layer and a protective silicon dioxide mask [22] . A protective silicon dioxide mask was patterned to form 3 µm-diameter precursor caps, and the exposed UNCD was etched with ICP-RIE in O 2 /SF 6 plasma [22] . The differential etching rate of UNCD to silicon dioxide of approximately 15:1 allows the gradual etching of the protective mask until it is completely removed, resulting in ultrasharp UNCD tips. Although direct etching often forms feather-like whiskers during RIE, the whiskers do not affect the overall performance of diamond tips [23] . After tip formation, a 1.5 µm-thick aluminum layer was evaporated and then etched for electrical contacts. Finally, the silicon handle layer was backside-etched via ICP-RIE to form the handling chips, and the buried oxide layer was etched with hydrofluoric acid solution, releasing the final device. Each 100 mm wafer could produce 178 single-heated cantilevers and 356 cantilever arrays with a yield of 80%. • C. Figure 2 shows schematic and scanning electron microscope (SEM) images of a heated AFM cantilever with a UNCD tip. UNCD tips are integrated into the heater region, 14 × 20 µm 2 in size, located at the cantilever free end. Fabricated UNCD tips have a typical tip radius of 10 nm and an overall aspect ratio of 4:1 or better. The tip is sharper than diamond-coated tips and taller than most tips fabricated onto heated AFM cantilevers using other techniques [2, 9] ; thus it can image taller topography features. Figure 3 shows an SEM image of an array of heated AFM cantilevers with UNCD tips. The cantilever array consists of five individually controllable identical cantilevers, with a tip-to-tip distance of 110 µm. The cantilevers in the array have nearly identical tip profiles, with tip heights of 6 µm and typical apex radii of 10 nm. figure 4 (b) are consistent with grain sizes of UNCD, known to be in the 3-10 nm range. Therefore, these are likely single-crystal grains. Typical grain sizes less than 10 nm were observed on UNCD deposited with the same recipe in molded monolithic UNCD tips [15] and for UNCD-coated silicon tips [9] . These RIE-made UNCD tips are similar in sharpness to the best UNCD tips made by molding [15] . Selected area diffraction in the inset of figure 4(a) confirmed that the tip consists of randomly oriented nanoscale UNCD grains. The image indicates that the UNCD grains may have been smoothened by the RIE processing, reducing further the low intrinsic roughness of the UNCD from the as-deposited range 30-50 nm (rms) to about 13.5 nm (rms). The latter value was obtained by digitizing the profile of the tip presented in figure 4 (a) and subsequent data analysis. This reduction in roughness is consistent with the known smoothing action of RIE processes and the fact that the overall tip height is about 1.2 µm shorter than the initial UNCD thickness, showing that a sizable amount of UNCD was removed from above the tip to reach this shape.
Thermal and mechanical characterization
We characterized the cantilever electrical and thermal properties [24] . The low-doped heater region dissipates over 90% of total cantilever power and its steady temperature was calibrated from the Stokes peak shift, measured using a Renishaw InVia Raman spectroscope with a 488 nm argon laser [24] . This Raman microscope has a spatial resolution of approximately 1 µm, an accuracy of approximately 1%, and a spectral resolution of 0.1 cm −1 [25] . Figure 5(a) shows the cantilever current and the cantilever electrical resistance as functions of cantilever voltage under steady heating. Figure 5(b) shows the cantilever heater temperature and the cantilever electrical resistance as functions of the electrical power dissipated in the cantilever. The cantilever has a positive temperature coefficient of resistance (TCR) as the cantilever electrical resistance varies with temperature due to the temperature-dependent carrier concentration and carrier mobility [26] . The cantilever can be heated up to 600 • C, above which the diamond tip burns in an oxidizing environment such as air [22] . A previous publication reported a UNCD film on a silicon tip being completely oxidized and removed at 750 • C [9] . However, below 600 • C the cantilever could operate for long periods of time with essentially zero detectable wear. All cantilevers in the cantilever array demonstrated similar electrothermal properties in the measured temperature range. The tip-substrate interface temperature strongly depends on the thermal conductivity of the substrate, as the thermal resistance of the tip-substrate contact is much higher than the thermal resistance of the tip itself [27, 28] . Consequently, the estimated temperature of the tip-substrate interface ranges from 10% to 90% of the cantilever heater temperature [27] . The spring constant of 10 different cantilevers was measured to be 0.81 ± 0.42 N m −1 using a commercial AFM system (MFP-3D, Asylum Research) [24] . The uncertainties in spring constant measurement are due to slight cantilever thickness variations across the wafer, since the cantilever spring constant varies as the thickness cubed.
A UNCD tip and a silicon tip were scanned with high contact forces for long times to compare tip wear. In a previous publication, a diamond-coated silicon tip showed negligible wear under harsh operating conditions of high temperature, high force, high speed, and long scans [9] . In the present study, tips were scanned for 1.2 m at 10 µm s −1 speed over 10×10 µm 2 of a single-crystal silicon grating with a feature height of 100 nm and a pitch of 3 µm. Following the protocol established in other wear studies ( [8, 12] , among many others), the applied load was held constant, in this case at 200 nN. The corresponding contact pressure varies with tip radius; we estimate it ranges from 8 to 17 GPa, based on Hertzian contact mechanics and assuming the tip radius varies from 10 nm (for the upper pressure limit) to 30 nm. The adhesive load can increase the contact pressure even further. While this is a crude estimate, it nonetheless shows the tip exhibits low wear despite experiencing very high stresses. Pull-off force measurements were recorded every 1000 µm of tip travel in order to detect changes associated with tip blunting or tip fouling. Figure 6 compares the wear of a UNCD tip and a silicon tip. Figures 6(a) and (b) show SEM images of the UNCD tip before and after wear testing, resulting in a minor increase in tip radius from 28.0 ± 3.4 nm to 36.7 ± 3.5 nm. By comparison, figures 6(c) and (d) show SEM images of the silicon tip before and after wear testing, revealing major wear and fouling. Figure 6 (e) shows pull-off force data for both the UNCD tip and the silicon tip. The UNCD tip pull-off force increased slightly at the beginning of the test but remained steady at approximately 40 nN, showing negligible wear throughout the test duration. In contrast, the silicon tip pull-off force increased dramatically from 20 to 200 nN within the first 200 mm of travel. Since the pull-off force correlates to tip radius, this indicates that the silicon tip began significantly wearing at the beginning of the wear test. The decrease in pull-off force after 200 mm is attributed to the accumulation of surface contamination which is visible in figure 6(d) . While the fractional increase in tip radius is larger than was demonstrated for a diamond-coated tip (from 47 to 49 nm) under similar testing conditions [9] , the present UNCD tip remains sharper after scanning than the pre-wear diamond-coated tip. The estimated contact pressure ratio of a UNCD tip to a diamond-coated tip is approximately 1.4:1. These results demonstrate the robustness of UNCD tips under harsh scanning conditions.
Thermal topography imaging and thermal nanolithography
Wear-resistant UNCD tips expand the uses of heated AFM cantilevers under harsh conditions. With UNCD tips, cantilevers can scan faster and for longer distances, meaning higher throughput and longevity for thermal topography imaging and nanofabrication. For material analysis, tip stability is an important requirement for consistent and repeatable measurements. Thus integration of wear-resistant UNCD tips onto a heated AFM cantilever can improve the overall performance in such applications. To demonstrate the utility of the UNCD tip, heated AFM cantilevers with UNCD tips were used for thermal topography imaging and thermal nanolithography. Figure 7 shows the concept of thermal nanotopography imaging using a heated AFM cantilever. Most of the heat being generated at the heater region of the cantilever flows into the substrate such that the heat flow from the cantilever is inversely related to the distance between the cantilever and the substrate [3] . The substrate topography is measured by tracking changes in the cantilever power while cantilever temperature is held constant in a regime of positive temperature coefficient of resistance. The quality of thermal topography imaging is quantified by topography sensitivity and noise-limited vertical resolution. Thermal topography sensitivity is defined as the change in cantilever voltage for a unit change in topography. Resolution is defined as the smallest change in topography that can be detected and is calculated as the thermal signal noise divided by the sensitivity. In this experiment, the cantilever was mounted in an Asylum Research MFP-3D AFM with a holder modified to interface with the cantilever's electrical contact pads. The cantilever scanned a silicon substrate with 100 nm tall gratings having a pitch of 3 µm at 10 µm s −1 . The cantilever scanned in contact mode and in intermittent contact mode at 75.67 kHz. The cantilever was operated at around 410 • C with an approximate tip force of 100 nN.
Figures 7(b) and (c) show the topography images of the substrate generated from the conventional laser-deflection signal and the cantilever voltages for both contact mode and intermittent contact modes of operation. The thermal topography signals compare well to the laser-deflection derived height signals and the thermal signals are inverted due to the inverse relation between the cantilever voltage and the distance between the cantilever and the substrate. The intermittent contact mode thermal image shows sharp topographical features since the oscillation frequency is several orders of magnitude higher than the frequency at which the cantilever scans the grating. The topography sensitivity of the thermal signals is 0.079 ± 0.001 mV nm −1 via contact mode and 0.060±0.001 mV nm −1 via intermittent contact mode imaging. The sensitivity uncertainties are due to voltage measurement uncertainties and environmental disturbances. The noise-limited vertical resolution is 3.154 ± 0.062 nm via contact mode imaging and 1.911 ± 0.036 nm via intermittent contact mode imaging. Overall, the sensitivity and resolution are comparable to heated AFM cantilevers with silicon tips [3] . Since the lateral resolution during imaging is directly proportional to the tip radius, and the radius of curvature of the UNCD tips (10 nm) is smaller when compared to silicon tips (20 nm radius) or diamond-coated silicon tips (50 nm radius) integrated onto heated cantilevers, the heated cantilevers with UNCD tip will have higher lateral resolution in thermal imaging. Figure 8 (a) shows a schematic of a heated tip depositing polymer features using the thermal dip-pen nanolithography (tDPN) method. In tDPN, a heated tip is coated with an ink which is solid at room temperature. The tip Figure 7 . Thermal topography sensing using the heated cantilever with a UNCD tip. (a) The substrate topography is mapped by tracking cantilever thermal conductance changes that occur due to changes in the distance between the cantilever and the substrate. (b), (c) Three-dimensional topography maps of a 100 nm-tall silicon grating comparing the laser-deflection-based measurement with the thermally derived signals while the cantilever was operated in both (b) contact and (c) intermittent contact mode.
is then placed in contact with a surface and heated, causing the ink to melt and flow onto the surface. Heated tips have deposited polymers [9] , metals [29] , and polymer-nanoparticle composites [30] . The ink flow rate from tip to surface is sensitive to tip temperature, tip geometry, and tip wettability, since surface tension effects drive ink flow [31] . While the polymer typically wets diamond-coated tips more than silicon tips, it was unknown if the height of the UNCD tip or the whisker structures formed during UNCD tip fabrication would significantly impact surface tension driven ink flow. 
Conclusion
We report the design, fabrication, characterization, and applications of heated AFM microcantilevers with ultrasharp UNCD tips. The UNCD tips were fabricated by a direct mask RIE technique, which is relatively simple and has high throughput. The UNCD tip showed almost no wear after more than a meter of scanning while a silicon tip scanned under the same conditions was completely blunted with much fouling. We demonstrated the use of UNCD tips for thermal topographic imaging with nanometer resolution, and also nanolithography of hundreds of polymer nanostructures at a writing speed of 1 Hz. The UNCD tips with exceptional tip stability can expand the use of heated AFM cantilevers to imaging and tip-based nanofabrication under harsh conditions.
